INTRODUCTION
In clinical practice, determination of the ratio of accommodative convergence to accommodation (AC/ A ratio) is a standard procedure. [1] [2] [3] The magnitudes of these parameters are particularly important in patients with binocular vision abnormalities, especially when they are associated with an inappropriate accommodative response, such as accommodative esotropia and divergence excess intermittent exotropia. Determination of the stimulus AC/A ratio is necessary for the exact classification of strabismus 4, 5 and determination of the therapeutic approach, whether conservative 6 or surgical. 7 Normal stimulus AC/A ratios in adults are obtained clinically and have been reported to range from 4/1 to 6/1. 8 Accepted procedures for measuring AC/A ratios with ophthalmic lenses vary, with some methods using a minus lens (far gradient method) and others using a plus lens (near gradient method) over the best subjective correction. 9 AC/A ratios obtained with gradient methods determined by the alternate prism cover test are considered the most accurate and are widely used in clinical assessments.
However, these methods are based on subjective observation by the examiner, and they require prolonged cooperation of the subject, which can be difficult to obtain in young children. In addition, the examiner must be able to detect eye movements with reproducible results and accurate objective assessment of angles of deviation as small as 2 to 4 D by the alternate prism cover test, which requires considerable experience. 10 Furthermore, measurement of large angles with spectacle lenses 11 and bar prisms 10 involves a large error because of optical artifact.
The authors introduced a new, objective method with reproducible results for measuring horizontal eye movements with accommodative stimulus. This method is based on the first Purkinje image, which is obtained with high-sensitivity infrared CCD cameras, and comparison of the stimulus AC/A ratios that are determined with a standard gradient method.
PATIENTS AND METHODS

Subjects
Twenty patients (10 boys and 10 girls) were enrolled in the study and ranged in age from 5 to 9 years (mean age: 6.8 years). No subjects had systemic or ophthalmic diseases that were likely to affect visual function, such as amblyopia or anisometropia, although some participants had mild refractive abnormalities (mean refraction: -1.1 ± 1.6 D) and horizontal eye deviation (ie, strabismus). These 20 cases included patients with intermittent exotropia (10 eyes) and accommodative esotropia (10 eyes). Inclusion criteria were as follows: corrected visual acuity of 1.0 or better and binocular function of 120 seconds of arc or better on the TNO stereo test. The research followed the tenets of the Declaration of Helsinki. All subjects or their parents signed an informed consent document before participation in the experiment.
Apparatus
A TriIRIS C9000 instrument (Hamamatsu Photonics K.K., Hamamatsu, Japan) was used for objective measurement of accommodative convergence based on the first Purkinje image (Fig. 1A) . The apparatus was designed to measure and record the dynamics of pupil response and eye movement simultaneously in both eyes (ie, convergence response) with the accommodative stimuli of a real target in real space. Pupil and convergence responses were recorded with two high-sensitivity infrared charge-coupled device (CCD) camera systems. These two infrared CCD cameras were placed in front of the subject's eyes, and the subject was able to see an outer target with a wide viewing field of approximately 15° 3 25° (Fig. 1B) .
In the current study, the two built-in infrared CCD camera systems were used to measure horizontal eye movements based on shift of the first Purkinje image, but they were not used to obtain measurements of the near reflex.
Angle kappa with respect to the line of sight shows a horizontal tendency, with the pupillary axis oriented temporally in the object fixation. However, measurement of line of sight is difficult. Therefore, this apparatus uses a corneal reflection-pupil center method to reject the effect of angle kappa.
Procedures
All measurements were obtained in a quiet room, and brightness was maintained at a constant level of approximately 500 lx. The target was com- The TriIRIS C9000 instrument (Hamamatsu Photonics K.K., Hamamatsu, Japan) was designed to measure and record the dynamics of pupil response and convergence response simultaneously with the accommodative stimuli of a real target in real space. (B) These two infrared charge-coupled device (CCD) camera systems were placed in front of the subject's eyes, allowing the subject to see an outer target with a wide viewing field of 15° 3 25°.
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posed of a rectangular white field on which six triangular black spokes form with high contrast. All subjects wore the individually appropriate refractive lenses throughout the examination, which included measurement of best spectacle-corrected and uncorrected visual acuity, manifest and cycloplegic refractions using an autorefractometer (Nidek, Japan), and skiascope. At least three responses were measured to take into account result scattering. For all subjects, measurements and analysis were performed in the dominant eye, as identified by a hole-in-card test. 12 Repeat testing was performed within 3 months. Horizontal eye movements were measured in millimeters (mm) using two iris-infrared recorders (ie, the two infrared CCD camera systems). Each recorder was linked to the direction of view of one eye and directly and automatically aligned with the center of the pupil and therefore with the position of the first Purkinje image, with coordinates set at 0 mm for both eyes. When the base point moved to the right (or left) of the central point of the camera, eye tracking was recorded in a positive (or negative) direction (Fig. 2) . Horizontal eye movements (mm) and eye deviation (D), both with and without the additional pairs of -3.00 D lenses, were measured with an alternate cover test with two infrared CCD cameras and bar prism at far (5 m) distance.
Horizontal eye movements (mm/D) and stimulus AC/A ratio (D/D) were calculated from the following formula: (b -a)/3.
In this formula, a was defined as the horizontal eye movements and eye deviation value before accommodative stimulus, and b was defined as that value after accommodative stimulus. Values showing exotropia were classified as negative and those showing esotropia were classified as positive. The value of 3 was the accommodative stimulus level.
Results were presented as mean ± standard deviation. Correlations between these two values were evaluated by Spearman's rank correlation coefficient. Figure 3A shows a typical result of horizontal eye movements before the accommodative stimulus in subjects with intermittent exotropia (only the trajectory of the dominant eye is shown). When one eye was covered, fusional convergence was disrupted and outward deviation of the covered eye occurred to present exotropia (arrow 1). When the eye was uncovered, movement occurred in a direction opposite to that of the deviation to achieve fixation of the target (arrow 2). Figure 3B shows a typical result of the value for horizontal eye movements after an accommodative stimulus. To induce accommodative convergence, the value was reduced (arrow 3).
Selected Typical Case
The average values of the horizontal eye movements before and after an accommodative stimulus of 3 D were 1.62 and 0.74 mm, respectively. Thus, horizontal eye movements were 0.29 mm/D when determined with the following calculations: (-0.74 + 1.62)/3. The stimulus AC/A ratio was 2.67 D/D. Figure 4 shows the value of horizontal eye movements based on the first Purkinje image and the value of the stimulus AC/A ratio when the far gradient method was used for all subjects. The values of horizontal eye movements measured with infrared CCD cameras for subjects with intermittent exotropia (accommodative esotropia) before and after the 3.00 D task were 2.5 ± 0.8 (1.1 ± 0.7) mm and 1.4 ± 0.6 (2.8 ± 0.9) mm, respectively. The values of the accommodative convergence using a bar prism before and after an accommodative stimulus of 3.00 D were 31.0 ± 7.4 (14.1 ± 6.1) prism diopters and 21.8 ± 5.5 (26.4 ± 7.8) prism diopters, respectively. Thus, horizontal eye movements and the stimulus AC/A ratio were 0.5 ± 0.2 mm/D and 3.8 ± 1.6 D/D, respectively. For all subjects, correlation analysis showed a strong positive correlation between horizontal eye movements and the stimulus AC/A ratio (r = 0.92, P < .001). Moreover, horizontal eye movements (mm) are directly proportional to the AC/A ratio (D/D), as measured by a gradient method.
RESULTS
DISCUSSION
In the current study, measures of the stimulus AC/A ratio obtained by two different methods showed a significant linear correlation with remarkable repeatability. The results of this study show the effective clinical assessments, which allow for simultaneous measurement of accommodation and convergence in a visible manner. The interaction between accommodation and convergence can be quantified by the AC/A ratio. This cross-linked ratio is commonly assessed by two widely used methods, the alternate prism cover test 13 and the major amblyoscope measurement, 5 which are also used to diagnose strabismus and measure eye deviation. Clinically, AC/A testing is most useful for patients with a high AC/A ratio, especially those with accommodative esotropia and intermittent exotropia. Moreover, this method seems useful when nonsurgical treatment, such as the use of bifocals, is considered. In terms of measuring methodologic differences, the far and near gradient methods involve altering the accommodation stimulus through the addition of plus or minus lenses for a given fixed target and measurement of the change in alignment with the alternate prism cover test.
The heterophoria method is a third, well-described calculation of the AC/A ratio that also uses the alternate prism cover test. However, interpupillary distance is a component of the formula. Therefore, with this method, the AC/A ratio is not routinely measured, and the method is not often used clinically.
14 Moreover, when measuring eye deviation in secondary position at near (0.33 m), interpupillary distance must be considered because of optical artifacts. 15, 16 On the other hand, neither the heterophoria method nor the near gradient method maintains the stimulus for proximal convergence relatively constant by performing both measurements at the same testing distance. [17] [18] [19] The major amblyoscope measurement may be obtained under slightly different natural viewing conditions. Thus, the near gradient method and the heterophoria method, by use of the prisms and major amblyoscope, may be inappropriate for assessing the AC/A ratio in clinical practice. Additionally, these methods are primarily based on the subjective observation of the examiner; therefore, the accuracy and reliability of these tests depend on the experience of the examiner. Unfortunately, obtaining this information from nonverbal or very young patients has proved difficult or impossible in many situations, due to a lack of subjective response. 20 The first Purkinje image evaluation was a recently introduced photographic or videographic technique used to assess ocular alignment under natural viewing conditions. 10,20-23 Lang 24 was the first to use Purkinje imagery to construct detailed records of microtropia. Since then, the main clinical applications for this method have been the diagnosis of strabismus and the accurate measurement of the angle of strabismus. Although the first Purkinje image evaluation is particularly suited for detection of a small angle of strabismus in infants, the disadvantage of this procedure is the high cost of the equipment and the technical expertise necessary for implementation, calibration, and maintenance. 25 It may also be difficult to identify precisely the center of the corneal reflex. 10 In addition, although the equipment and technical personnel can be justified in the laboratory, they generally are not available in other research and clinical settings. 25 The current study describes a new method based on Purkinje image evaluation for the quantitative assessment of ocular alignment. This method allows the measurement of horizontal eye movements to fixation targets that can be presented at any distance. Additionally, the procedure requires only relatively inexpensive commercial equipment and technical expertise that is readily available in most clinical settings. Previous reports have stated that instrumentation is capable of obtaining rapid measures, providing straightforward alignment with a large deviation, and having a tolerance for eye or head movements. [26] [27] [28] The current method for obtaining the stimulus AC/A ratio is based on the Purkinje image, which can be displayed as tracing results and is repeatable. Because this technique uses infrared CCD cameras and an eye monitor, results with artifacts, such as eye or head movements, can be rejected. However, because the infrared CCD cameras have a limited measuring field, only ocular misalignment of approximately 45 D (24.2°) or less can be recorded accurately. Because of these limitations, further studies using an improved measuring apparatus that can evaluate large angles of deviation are needed.
Consequently, the new method can be used as a screening tool for objective recording of accommodative convergence in many clinical situations. In the future, the use of a special filter as a cover should allow for the development and use of an automatic cover test.
